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The nature of hadrons is one of the most fundamental mysteries of physics. It is generally agreed that they are
made of “colored” quarks, which move nearly free at short scales but are confined inside hadrons by strong in-
teractions at large distances. Because of confinement, quarks are never directly observable and, experimentally,
their properties can be tested only indirectly, via high energy collisions. Here we show that superinsulating films
realize a complete, one-color model system of hadron physics with Cooper pairs playing the role of quarks. We
report measurements on highly controlled NbTiN films that provide a window into the interior of “Cooper pair
mesons” and present the first direct evidence of asymptotic freedom, t Hoofts dual superconductivity confine-
ment mechanism, and magnetic monopoles.
INTRODUCTION
Quark interactions are described by quantum chromodynam-
ics (QCD), a non-Abelian gauge theory. A salient feature
of QCD is asymptotic freedom [1, 2], the weakening of the
interaction coupling strength at short distances (ultraviolet
(UV) limit). At large distances (infrared (IR) limit), the
quarks are thought to be confined within hadrons, which are
physical observable excitations, by strings. Quarks them-
selves cannot be extracted from hadrons and be seen in iso-
lation. The mechanism for the transition from weak quark
interactions in the UV regime to confinement and strings in
the IR regime remains an open issue.
‘t Hooft [3] put forth an appealing confinement mecha-
nism, the dual superconductivity where the condensate of
magnetic monopoles [4] constricts the chromoelectric field
into thin flux tubes binding quarks into mesons. He coined
the term “superinsulator”, as opposite to superconductor, for
the confined quark matter with infinite (chromo)-electric re-
sistance. Polyakov showed that this confinement mecha-
nism occurs also in Abelian gauge theories, provided they
are compact and hence support topological excitations, mag-
netic monopoles, which are instantons in 2D and solitons in
3D [5, 6]. The fact that the compact QED in the confinement
regime maps onto a confining string theory [7, 8] makes it a
perfect model for ’t Hooft’s dual superconductivity mecha-
nism.
Remarkably, Abelian confinement emerged in a con-
densed matter realization of superinsulators, predicted first
for Josephson junction arrays (JJA) in [9] and rediscovered
in [10] in films experiencing the superconductor-insulator
transition (SIT). These electric superinsulators constitute a
new state of matter with infinite resistance at finite tem-
peratures due to electric strings binding Cooper pairs into
“electric mesons” [11]. Transport measurements revealed
superinsulation in titanium nitride (TiN) films [10, 12],
niobium titanium nitride (NbTiN) films [13], and, albeit
under a different name, InO films [14, 15]. The long-
distance electromagnetic response of superinsulators is ex-
actly Polyakov’s compact QED [11] with the effective cou-
pling constant
e2eff = 4α f (κ)/εg . (1)
Here α = e2/(~c) is the fine structure constant, κ = λ/ξ is
the Ginzburg-Landau parameter of the superconducting ma-
terial, with λ its London penetration depth and ξ its coher-
ence length and ε is the dielectric permittivity of the normal
insulating state. Finally, g is the tuning parameter driving
the system across the SIT, so that g ' 1 near the transition.
The function f (κ) is smooth and is O(1/κ) for κ  1 [11].
Pure gauge compact QED in 2D is not renormalizable. How-
ever, coupling the action to dynamical matter results in a
non-trivial fixed point [16, 17]. The same occurs in our case:
compact QED is induced by an underlying matter dynamics
from which it inherits the corresponding fixed point structure
encoded in g. One can show [18, 19] that g, and hence also
the effective coupling e2eff , have a Berezinskii-Kosterlitz-
Thouless (BKT) (see [20] for a review) infrared (IR) fixed
point at the critical value gc, at which the string tension di-
verges. The tension, and thus the interaction strength, flow
to smaller values in the UV limit and, as a result, the induced
compact QED2 becomes asymptotically free, albeit this ap-
plies near the confining IR fixed point, instead of near the
UV-free fixed point, as in QCD.
Confinement by strong interactions prevents a direct view
on quarks despite that they move nearly free at small scales.
Since electric Cooper pair mesons are generated by much
weaker Coulomb interactions, they have a macroscopic di-
mension and are accessible to direct experimental study.
Here we investigate superinsulators, which allow for a di-
rect observation of the interior of electric mesons made of
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2Cooper pairs by standard transport measurements. We re-
veal the transition from the confined to the asymptotic free
Cooper pair motion upon decreasing the distance between
electrodes, realizing the observation spatial scale. Using the
compact QED mapping we demonstrate the electric Meiss-
ner effect and calculate the I-V-characteristics in the con-
finement regime. Comparing our experimental results with
theoretical predictions yields the string tension and consti-
tutes the first ever “look inside a meson,” directly confirming
asymptotic freedom and ’t Hoofts confinement mechanism
by magnetic monopoles.
RESULTS
Strings and the Meissner and mixed states of a superinsulator
A quantitative theory of the response of a superinsulator to
a dc electric field rests on the fact that, in a superinsulator the
fundamental excitations are electric strings with linear ten-
sionσ [11]. The electric Meissner state is obtained from the
dual analogue of the London equations [7, 8, 21], describ-
ing the electrodynamics of strings connecting charged parti-
cles. Deferring the technical derivation of the Meissner state
and its vanishing static electric permittivity, εSI = 0, to the
end of the paper, we note here that the strings can be either
closed, describing pure gauge excitations (the analogues of
glueballs in QCD) [22] or open, representing Cooper pairs –
anti-Cooper pair dipoles (the analogues of mesons in QCD).
The presence of such Cooper pair dipoles follows from ei-
ther self-induced or imposed electronic granular structure of
a system supporting superinsulation. When a Cooper pair
tunnels from one granule to another it leaves behind a +2e
charge excess representing a Cooper pair “hole”. This pic-
ture is fully supported by the experimental observation of the
charge BKT transition in such materials [13]. The energy to
create pure gauge excitations is ∆G = mv2, with m being the
gauge-field mass and v=c/(εµ)1/2 (µ ≈ 1 is the magnetic
permeability) being the light velocity in the medium. Open
strings have the typical length ds = O(
√
~v/σ) and a gap
of the order O(√~vσ). The width of the strings is defined
by the screening length λel = ~/mv [22]. Both ∆G and the
string tension σ are expressed via the ultraviolet (UV) cutoff
Λ0 = ~v/r0, where r0 ' ξ in films and is of order of the pla-
quette size in JJA, as functions of the effective coupling (1)
and v [23],
m ∝ ~
vr0
1
e2eff
exp
− pi
4e2eff
 , σ = e2effv24r0 m ∝ ~vr20 exp
− pi
4e2eff
 .
(2)
For samples with linear dimension L  ds, small electric
fields below a critical value Ec1 are sufficient only to excite
isolated strings of typical length ds much smaller than the
sample size. In this regime, the applied electric field does
not penetrate the sample, only neutral “pion-like” dipole ex-
citations made of a Cooper pair and a Cooper “hole” can
be created. This is the Meissner state of the superinsula-
tor. When the applied electric field reaches the critical value
Ec1, enough electric pions can be created such that a chain of
them reaches from one end of the sample to the other. At this
point, a single electric flux tube can traverse the sample end-
to-end and the Meissner state is destroyed. For E > Ec1 elec-
tric fields penetrate the superinsulator in form of flux tubes
of typical width λel and the mixed state of the superinsula-
tor sets in. This is the dual state of the Abrikosov lattice in
superconductors. Finally, at the critical field Ec2, superinsu-
lation breaks down.
Current-voltage characteristics
We start the derivation of the I(V) response by writing
down the compact QED potential for the interaction between
Cooper pairs
U(r) = σ(T )r − c~pi
24r
+ a
[
ln
(
λel
r0
)
− K0
(
r
λel
)]
, (3)
where the second term is the so-called Lu¨scher term [24].
The third term is the screened 2D Coulomb potential (K0 is
the MacDonald function) that reduces to a ln(r/r0) at r λel
and decays exponentially at r λel. At r>r0, the Lu¨scher
term is negligible, so that U(r0)' 0. Near the SIT, the
strength of the Coulomb potential becomes [11]
a = (4e2/2piε0εd)( f (κ)/g) . (4)
In the samples with sizes λel < L < ds, Cooper pairs feel nei-
ther the string tension nor the Coulomb interaction screened
on the scale λel. As we show below this is the asymptotically
free regime.
To relate superinsulating parameters to observable quanti-
ties, note that strings of length ds have energy
√
~vσ. Hence
the energy to form a string chain spanning the entire system
is 2eVc1 = σL. Accordingly, one can introduce the lower
critical electric field for first string penetration the superin-
sulating sample
Ec1 =
σ
2e
, (5)
which corresponds to the lower critical field Bc1 in supercon-
ductors. For E < Ec1 the Meissner state of superinsulators is
realized: electric fields are completely expelled from the su-
perinsulator by the electric dual of the Meissner effect. For
E > Ec1, instead, the mixed state of a superinsulator forms.
Next, we introduce the deconfinement temperature Tdec that
marks the transition between linearly bound charges and un-
bound charges at T > Tdec. This transition belongs in the
BKT universality class and occurs via instanton condensa-
tion [6]. According to [25]
kBTdec = 8a = 8
f (κ)
g
EC (6)
where EC = 4e2/2piεε0r0 is the characteristic bare Coulomb
energy of the Cooper pair and a is defined by Eq. (4).
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FIG. 1. Insulating NbTiN film’s sheet resistance evolution with bridge length. (a) The Arrhenius plot of sheet resistance R vs.
reversed temperature 1/T for fridges of various length L. Dashed line shows R ∝ exp(1/T ). Inset: Experimental setup. The Si substrate
with AlN buffer layer is shown with light gray and Hall bridge of NbTiN is dark grey. The square gold contacts are given in yellow. All
lateral sizes are given in millimeters. The bridges lengths (i.e. distances between measuring electrodes) shown in the legend in panel (b).
(b) Same data as in (a) but replotted as conductance G = 1/R vs. T in log-line scale. A few curves are omitted to avoid overcrowding.
Dotted lines are fits using a two dimensional Coulomb gas model [20] that generalizes the Berezinskii-Kosterlitz-Thouless (BKT) formula
for conductance G ∝ exp[−(T/Tdec−1)1/2] by incorporating a self-consistent solution to the effects of electrostatic screening [13], where the
screening length λc and Tdec enter as fitting parameters. For all bridges we find Tdec ≈ 400 mK. (c) Same data as in (b) but for temperature
renormalized as (T/Tdec − 1)1/2. Solid line corresponds to the case of an infinite electrostatic screening length λc → ∞. Inset: Screening
length as function of the bridge length L. Symbols correspond to BKT-fits of G(T ) (dotted lines in (b) and (c)) and dashed line is the
eye guide. The error bars are obtained from variations of parameters leaving self-consistent solutions of electrostatic equations of [13]
unchanged and are much less than the size of symbols.
We calculate the current as I ∝ 2enfV , where nf is the
equlibrium density of free charges. For the external field
Eext<Ec1≡σ/2e the maximum of the potential lies always at
the distance L corresponding to the sample size and, thus,
the current is simply proportional to the number of charges
activated over the barrier (σ − 2eEext)L,
I ∝ Vexp
(
−σ(T )L
kBT
)
, V < Vc1 =
σ(T )L
2e
, (7)
which, in the thermodynamic limit L → ∞, implies an infi-
nite resistance.
For Ec1 < Eext, the potential has a maximum at r = r∗ de-
termined by the equation K1 (r∗/λel) = (2eEext − σ) λel/a.
Two distinct regimes become possible. The first is realized
in small samples such that
K1 (L/λel) >
4λel
ds
∆V
Vc1
, (8)
where ∆V=V − Vc1, and we have used ds = ~v/kBTdec. Then
the potential for λel < r< L is essentially flat, implying the
asymptotic free regime, where charges effectively do not in-
teract, and we expect thus a metallic saturation of the re-
sistance at the lowest temperatures. The ratio ds/λel > 1
but not typically extremely large [11]. Also, the function
K1(x)' exp(−x)/√x at x 1. Thus, the typical sample size
for which this metallic behavior emerges is O(ds), although
it can become larger if measurements are taken just above
Vc1.
In the limit opposite to (8), the total energy UEext of the
charge-anticharge pair following from (3) is
UEext = a ln(r/r0) − Fr, (9)
where F = 2eEext −σ is the effective force pulling the
charge-anticharge pair apart. The saddle point r∗ of this
potential, controlling the activated current, is r∗ = a/F, so
that the energy barrier is U∗ ≡UEext (r∗) = a [ln(a/Fr0) − 1].
In equilibrium, the ionization rate R∝ exp(−U∗/kBT )
and the recombination rate, Rr, of the± charges, are
equal. Since Rr ∝ n+n− = n2f , then with logarithmic
accuracy nf =
√R∝ exp(−U∗/2kBT )∝ (Fr0/a)a/(2kBT ), and
Eq. (6) yields
I ∝ (V − σL/2e)1+Tdec/16T
Vc1 < V < Vc2 ≡ L2e
[
σ(T ) +
kBTdec
2.718r0
]
, (10)
where the upper critical voltage V = Vc2 ≡ Vc2 is the
voltage where the energy barrier U∗ vanishes, the I-V
curve experiences a jump and the system switches from
superinsulation into a normal insulating state. In the field
interval such that Vc1 < V < Vc2, the superinsulator is in the
mixed state, where an ensemble of electric strings penetrates
the system. This is the analogue to the mixed, or Abrikosov
state in superconductors.
Experiment
The measurements are taken on a polycrystalline 10 nm
thin NbTiN film obtained by atomic layer deposition
(ALD) [13] at temperature 350 ◦ C. The temperature depen-
dencies of the resistances are measured on a sample pat-
terned by photolithography into the Hall bar with the width
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FIG. 2. Threshold voltage of bridges of different length. The I-V curves of two different NbTiN samples with (a) R(T=2 K) = 0.2 MΩ
and (b) R(T=2 K) = 2 MΩ taken at the same temperature T = 50 mK. Different colors correspond to different bridge’s length L (distance
between electrodes). (c) Dependence of the threshold voltage Vc2 on the bridge’s length for 0.2 MΩ sample. The dashed line depicts
Vc2 = 0.78 · L dependence. The error bars are defined as the width of the jump and are less than the symbol sizes. (d) Threshold voltage
Vc2 for the 2 MΩ sample; Vc2 = 2.1 · L (dashed line). Error bars are given by the width of the jump. (e) The dependence of the kink voltage
marked by arrows in main panel, which we associate with the critical voltage Vc1 upon the bridge length. The error bars are determined
from the errors in the slopes of the I-V curves and are much less than the symbol sizes.
50 µm, see inset in Fig. 1a. The chosen geometry enables
measurements on bridges of different lengths. The exper-
iment is carried out in a 3He/4He dilution refrigerator. The
resistance is measured by two-terminal circuit under the low-
frequency, f ∼ 1 Hz, ac voltage, V ∼ 100 µV, in the linear
regime as verified by the direct measurements of the films’
I-Vs.
The Arrhenius plots of the resistances per square R(T )
versus inverse temperature 1/T for bridges of different
lengths of the same NbTiN film are shown in Fig. 1a. At T >
0.8 K, R(T ) all curves collapse on top of each other. For
temperatures below Tdec = 400 mK the long bridges show
the hyperactivated behaviours characteristic of superinsula-
tors [10, 12]. The smallest bridge 0.2 mm short, however,
clearly shows a metallic-like saturation at very low temper-
atures. Using the measured critical temperature of 400 mK,
the known dielectric constant ε = 800, and the coherence
length r0 = ξ = 10 nm in NbTiN [13], one can estimate the
string size as ds ' ~v/kBTdec, obtaining ds ' 0.13 mm in
a remarkable quantitative agreement with the experimental
result shown in Fig. 1a.
Displayed in Fig. 1b, are the same resistive curves plot-
ted as G=1/R vs. temperature. Fitting them by the stan-
dard BKT critical formula G=G0 exp(−const/
√
T/Tdec − 1),
yields indeed Tdec≈ 400 mK. Deviations from the BKT crit-
icality at lowest temperatures in Fig. 1b,c indicate the point
where the typical size of the dissolving dipole matches the
size of the finite electrostatic screening length λc which ap-
pears in the normal insulator due to screening effect medi-
ated by the free charges (at the BKT transition λc → ∞,
and as a practical matter, the perfect criticality would have
been observed for λc > 105 [13]). Following [13] and re-
calling that G ∝ n f , where n f is the density of free charge
carriers, one obtains λc using it as an adjusting parameter
to fit the curves in Fig. 1c. When doing that, one has to ac-
count for the image forces in the Poisson equation that lead
to λc = βLL, where βL is a numerical coefficient that serves as
an adjusting parameter and L is the length of the bridge. The
result in the inset in Fig. 1c perfectly confirms that λc ∝ L.
COMPARISON OF EXPERIMENTAL DATA WITH
THEORETICAL PREDICTIONS
Figure 2 presents the threshold behaviors of the I-V curves
corresponding to bridges of different length for two sam-
ples having the resistances R = 0.2 and 2 MΩ, respectively
at T = 2 K. The current jumps span a range of a few or-
ders of magnitude and become less sharp upon shortening
the distance between electrodes. The threshold voltage Vc2
5exhibits a linear dependence upon L, see in Figs. 2c,d, imply-
ing that the threshold electric field Ec2 = Vc2/L is indepen-
dent on the distance between electrodes in full accordance
with (10). For the low-resistance sample, shown in Fig. 2a,
the string tension can be estimated from ds ' 0.13mm as
σ ' 4.15 × 10−21J/m = 26 meV/m, which leads to a contri-
bution σ/2e = 1.3 × 10−5V/mm to the slope. This is negli-
gible with respect to the Coulomb contribution (second term
in (10)), which amounts to a predicted slope of 0.63 V/mm,
again in remarkable quantitative agreement with the mea-
sured slope of 0.78 V/mm. The I-V characteristics below
the threshold, measured at 50 mK, are linear, which agrees
reasonably well with the theoretically predicted power-law
exponent 1 + (Tdec/16T ) = 1 + (400mK/16 × 50mK) = 1.5.
The I-V characteristics of the high-resistance sample are
shown in Fig. 2b. The three largest bridges exhibit two-
kink I-V curves. The low-voltage kinks are identified as
Vc1, and the upper ones represent Vc2. The two smallest
bridges do not resolve Vc1. This is because their size is
so small that the strings penetrate the entire sample in the
whole experimentally accessible voltage range and, thus,
the Meissner state is not visible. The linear dependence
Vc2 ∝ L of the bridge length L has the slope 2.1 V/mm, see
Fig. 2d. Three available values of Vc1 are apparently not suf-
ficient for conclusive evidence of linearity, see Fig. 2e. Let
us however assume that Vc1 ∝ L in accordance with (7).
Then the mean square deviation estimate for the approxi-
mating straight line (shown in red) would give 1.02 V/mm
for the slope. Making use Eq. (10), one would obtain the
slope 2.1−1.02≈1.1 characterizing the pure Coulomb con-
tribution. From (10), we then estimate the deconfinement
temperature 692 mK for this sample, yielding the exponent
1+(Tdec/16T ) = 1+(692mK/16×50mK) = 1.86 for the I-V
characteristics in the mixed state, Vc1 < V < Vc2. Compar-
ing this value with the measured ones for the three largest
bridges, 1.6, 1.8 and 2, respectively, we conclude that the
assumption Vc1 ∝ L results in a fair quantitative agreement
between the predicted and measured exponents. Thus, the
observation of Vc1 is the first ever direct measurement of
Polyakov’s string tension.
Finally let us discuss why the kink associated with Vc1
is not seen in the IV-curves of the low-resistance sam-
ple. Due to its lower resistance, this sample is closer to
the SIT, where the deconfinement temperature decreases to-
wards zero. Since measurements of both samples are made
at the same temperature, this means that the low-resistance
sample is closer to the deconfinement temperature, where the
string tension vanishes and strings become infinitely long.
As a consequence, strings in the lower-resistance sample are
longer than in the high-resistance sample and penetrate the
sample end-to-end for all accessible voltages, so that the
lower kink Vc1 is not observable. In order to resolve the
lower kink and access the Meissner state one needs larger
samples, which are sufficiently far from the the SIT and have
measurements carried out at low enough temperatures so that
the kink was not fogged by the noise.
A THEORY OF THE ELECTRIC MEISSNER STATE
Now we discuss the electric Meissner effect and formation
of the electric Meissner state at electric fields E < Ec1 which
is another spectacular manifestation of Cooper pair confine-
ment. The action of the Abelian confining string, in its local
formulation, is induced by the antisymmetric tensor gauge
field of the second kind [7, 8]. The vector current of point-
like particles is replaced by the tensor current Jµν of strings
(Greek letters denote space-time indices, Latin letters stand
for spatial indices, and we use natural units c=~=1). Accord-
ingly, the vector potential Aµ, related to the electromagnetic
field via Fµν = ∂µAν − ∂νAµ, and coupling to the particle
vector current, is replaced by the fundamental field tensor
Fµν coupled directly to the string tensor current Jµν. The
equations for this field see Methods(
 + m2
)
F µν = 2Λ2Jµν , (11)
∂α
(
∂µF µν
)
− ∂ν
(
∂µF µα
)
= 0 , (12)
with m = Λ/e, Λ = Λ0
√
z/4, can be viewed as the dual
London equations. In a superinsulator with the light speed v
they become see Methods.(
 + (mv2)2
)
F µν = 2
(
Λv2
)2 J˜µν ,  ≡ ∂0∂0 − v2∇2 , (13)
where J˜0i = vJ0i, J˜ i j = (1/v)J i j, and time derivatives
and factors F 0i in (12) must be substituted by (1/v)∂0 and
(1/v) F 0i, respectively. Equation (13) implies the electric
Meissner effect for applied voltages below a critical value
Vc1 where strings do not penetrate the sample. In the static
situation with no strings, Eq. (13) reduces to(
∇2 − (mv)2
)
F 0i = 0 . (14)
For a superinsulator occupying the z > 0 half-space and
a uniform electric field Eext applied in the x direction with
boundary condition F 01(z = 0) = Eext one finds
F 01(z) = Eext exp(−z/λel) , z > 0 , (15)
where λel=1/(vm) is the electric analogue of the London pen-
etration length. Hence, in a bulk superinsulator in the elec-
tric Meissner state, the static dielectric permittivity εSI=0.
To describe the electric Meissner effect in terms of mag-
netic monopoles, let us recall that the electrodynamics of
the dual charge-monopole ensemble is governed by the
Maxwell-Dirac equations [4]
∂µFµν = jνq , ∂µF˜
µν = jνφ , (16)
where F˜µν = (1/2)µναβFαβ is the dual electromagnetic field
tensor (µναβ is the totally antisymmetric tensor), jµq is the
charge current and jµφ is the magnetic monopole current.
Consider an infinite superinsulating slab harboring an en-
semble of vortices aligned along the z axis perpendicular to
6the slab surfaces, with their magnetic monopole endpoints.
The applied dc electric field E ≡ (Ex, 0, 0) generates a mag-
netic monopole current, according to the dual Ampe`re law
∇×E = −jφ, circulating around the slab in the ±y-direction,
which, in turn, induces a shielding electric field opposite to
the applied one. Since, in the condensate, monopole motion
is dissipationless, the entire external applied electric field is
screened. Hence the electric Meissner effect.
The above consideration captures the physics of bulk su-
perinsulators, but the case of thin films is more subtle. The
screening length λel . ds '
√
v/σ [11], increases with tem-
perature and diverges at the deconfinement transition [26].
For TiN, ds ' 60 µm [11]. In typical experiments on TiN and
NbTiN films, where the film thickness d = 3 − 20 nm λel,
the concept of circular monopole currents does not apply lit-
erally, since the physical size of the “bulk” monopoles ex-
ceeds the film thickness. In this 2D case, monopoles become
instantons [6], describing tunneling events at which vortex
“particles” appear and disappear in the condensate.
DISCUSSION
The novel material presented here, a superinsulator based on
an atomic layer deposition grown NbTiN film, opens a new
route for further exploring the superinsulating state. Map-
ping the superinsulator onto compact QED enabled us to
construct an electric analogue of the superconducting Lon-
don theory and to describe the electric response and the I-
V characteristics of a superinsulator. The device geometry,
a Hall bar pattern, allowed us to investigate the details of
the electric behavior of a superinsulator as function of the
system size and to reveal the linear dimension dependencies
of both critical voltages, Vc1, at which the electric mixed
state forms, and Vc2, at which superinsulation breaks down.
These observations open the door for a direct observation
of asymptotic freedom phenomena and allow first-ever mea-
surements of the linear tension of Polyakov’s strings and in-
vestigations of the interior of an electric meson via desktop
experiments.
Considering the crudeness of our long-wavelength model,
the observed Vc2(L) dependencies demonstrate an amazingly
good agreement with the theoretical predictions. At the same
time, while the results for Vc1 are in an excellent concert with
the theoretical estimates, provided the linear dependence Vc1
is assumed, more experimental research is required to estab-
lish a calibrated tool for measurements of the string tension.
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APPENDIX
ELECTRIC LONDON EQUATIONS
The tensor current describing the motion of strings replaces
the vector current encoding the motion of point particles.
Correspondingly, the vector potential Aµ related to the orig-
inal electromagnetic field strength via Fµν = ∂µAν − ∂νAµ
is replaced by a fundamental tensor field Fµν coupled to the
tensor current Jµν. The associated field strength is given by
the three-tensor Hµνρ = ∂µFνρ + ∂νFρµ + ∂ρFµν. The Eu-
clidean action for electric and magnetic fields in the superin-
sulating vortex condensate [8] acquires the form (we use nat-
ural units c = 1, ~ = 1)
S =
∫
d4x
1
12Λ2
HµνρHµνρ+ 14e2FµνFµν+i
1
2
FµνJµν , (17)
where Λ = Λ0
√
z/4, with Λ0 = 1/r0 the UV cutoff and z the
magnetic monopole quantum fugacity. Varying with respect
Fµν yields the equations of motion
∂µHµαβ + m2F αβ = 2Λ2Jαβ , (18)
which, in turn reduce to Eqs. (11),(12) of the main text.
For the sake of transparency, we now show how they re-
duce to the usual Maxwell equations in the limit of vanish-
ing monopole fugacity, z → 0, when the vortex conden-
sate disappears. In this limit we have Λ → 0 and finite-
ness of the partition function Z =
∫ DFµν exp(−S ) re-
quires that the 3-tensor field strength vanishes, Hµνρ = 0.
This is generically the case for “pure gauge configurations”
Fµν = ∂µAν − ∂νAµ = Fµν so that, in this limit, the partition
function of classical Maxwell electrodynamics is recovered,
Z →
∫
DAµ exp
(
−
∫
d4x
1
4e2
FµνFµν + iAµ jµ
)
, (19)
with the current jµ = ∂νJµν describing the now free charges
at the end of the original strings. This shows what is
the relation between electrodynamics within the vortex
condensate and the familiar Maxwell theory. The latter is
recovered as a “pure gauge” version of the former.
ELECTRIC FIELD EQUATIONS IN MATERIALS WITH
v = c/
√
εµ
The above “electric London equations” hold if the speed of
light is c (= 1 in our natural units), which is reflected in the
Lorentz invariance of the action (17) and the Lorentz covari-
ance of the equations of motion (11) of the main text. For
7real materials, however, this is surely not the case. The (Eu-
clidean) action for electromagnetic fields in a linear material
is given by
S linear =
1
2e2
∫
dt d3x
(
1
v
E2 + vB2
)
, (20)
where v = 1/
√
µε is the light velocity in the material, ex-
pressed in terms of the dielectric permittivity ε and the mag-
netic permeability µ. Due to v < 1, the symmetry of this ac-
tion is now restricted to non-relativistic Galilean invariance.
Correspondingly, the Galilean-invariant action for a superin-
sulating thin film of this material when vortices condense is
S =
∫
dt d3x
1
12 v2Λ2
(
vHi jkHi jk + 3
v
H0i jH0i j
)
+
1
4e2
(
vFi jFi j + 21
v
F0iF0i
)
+ i
1
2
FµνJµν , (21)
where v is the light velocity expressed in terms of material
parameters of the normal insulating state. The equations of
motion (11) and (12) are modified to(
 + (mv2)2
)
F µν = 2
(
Λv2
)2 J˜µν
 = ∂0∂0 − v2∇2 . (22)
where ∆SI = mv2 represents the energy gap of the su-
perinsulator, J˜0i = vJ0i, J˜ i j = (1/v)J i j, and every time
derivative and factor F 0i in the gauge condition, Eq. (12) of
the main text, must be substituted by (1/v) ∂0 and (1/v) F 0i,
respectively.
SAMPLE PREPARATION
The sample growths were carried out in a custom-made vis-
cous flow ALD reactor in the self limiting regime. A con-
stant flow of ultrahigh-purity nitrogen (UHP, 99.999%, Air-
gas) at ∼ 350 sccm with a pressure of ∼ 1.1 Torr was
maintained by mass flow controllers. An inert gas puri-
fier (Entegris GateKeeper) was used to further purify the
N2 gas by reducing the contamination level of H2, CO, and
CO2 to less than 1 ppb and O2 and H2O to less than 100
ppt. The thermal ALD growth of the AlN/NbTiN mul-
tilayer was performed using alternating exposures to the
following gaseous reactants with the corresponding tim-
ing sequence (exposure-purge) in seconds: AlCl3 (anhy-
drous, 99.999%, Sigma-Aldrich) (1 - 10), NbCl5 (anhy-
drous, 99.995%, Sigma-Aldrich) (1 - 10), TiCl4 (99.995%,
Sigma-Aldrich) (0.5 - 10) and NH3 (anhydrous, 99.9995%,
Sigma-Aldrich) (1.5 - 10). The intrinsic silicon substrates
were initially cleaned insitu using a 60 s exposure to 7.5±0.5
nm was deposited at 450◦C with 200 ALD cycles. The
chamber temperature was then lowered to 350◦C to syn-
thesize the NbTiN layers. The growth cycle of the NbTiN
is 2×(TiCl4 + NH3) and 1×(NbCl5 + NH3) that was re-
peated 80 times with the corresponding total ALD cycles
240 to produce the film thicknesses 10 nm as measured ex-
istu by X-ray reflectivity (XRR). The chemical composition
measured by X-ray Photoemission Spectroscopy (XPS) and
Rutherford Backscattering Spectroscopy (RBS) show con-
sistently for the AlN layer 5.5 ± 0.3% of Cl impurities and a
Al/N ratio of 1±0.05, whereas for the NbTiN films 3±0.3%
of Cl impurities, a Nb/Ti ratio of 2.3±0.03 and a (Nb+Ti)/N
ratio of 1 ± 0.03. The material densities measured by RBS
and XRR are 2.5 ± 0.01 g/cm3 in AlN and 6 ± 0.05 g/cm3
in the NbTiN. After deposition films were stored at room
conditions in ten years.
SAMPLES PARAMETERS AND MEASUREMENTS
The sample parameters are as follows: the diffusion constant
D ∼ 0.25cm2s−1, the superconducting coherence length
ξ(0) ∼ 5 nm, the density of states as n ∼ 4 · 1021cm−3 [27].
NbTiN film was patterned using photolithography and
plasma etching into resistivity bar 50 µm wide and with
100, 250, and 100 µm separation between additional per-
pendicular bars. On this additional bars were making gold
contacts. The chosen design allows for two-probe resistivity
measurements of regions with different length (2.4, 1.34,
0.55, 0.44, 0.32, 0.2 µm). Measurements of the temperature
dependencies of the resistance were carried out in 3He/4He
dilution refrigerator Triton400. Two-probe technique was
used with the 100 µV and 1 Hz. The chosen values of
applied voltage guaranteed that the resistance was obtained
in the linear response regime by the direct measurements
of current-voltage characteristics. Ac measurements were
performed using SR830 lock-in amplifier, dc measurements
were performed using nanovoltmeter Agilent 34420, current
was transformed into voltage with using SR570 low-noise
current preamplifier with filtration system.
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